Tetrodotoxin was infused into the suprachiasmatic nuclei of unanesthetized and unrestrained rats continuously for 14 days. The internal timekeeping mechanism of the circadian pacemaker in the nuclei continued to oscillate unaffected by this treatment, although the toxin reversibly blocked function of both the input pathway for pacemaker entrainment and an output pathway for expression of the circadian drinking rhythm. Thus, Na+-dependent action potentials appear necessary for entrainment and expression of overt circadian rhythms, but they do not seem necessary for the pacemaker to keep accurate time. The experimental approach presented in this paper is useful because it allows systematic assessment and distinction of the input, pacemaker, and output components of a mammalian circadian timekeeping system in vivo.
The suprachiasmatic nuclei (SCN) in the anterior hypothalamus appear to be the site of an endogenous circadian pacemaker in mammals (1) . The nuclei receive retinal inputs for entrainment to the environmental light-dark cycle and generate neural outputs for expression of overt, measurable rhythms. Two complementary measures of SCN activity have helped to establish that the nuclei contain a functioning circadian pacemaker. These two properties, in vivo glucose utilization (2, 3 ) and unit discharge rates (4, 5) , exhibit circadian rhythmicity. SCN energy metabolism and electrical activity are both elevated during the day and depressed during the night in nocturnal and diurnal mammals (6, 7) .
However, the most recent investigations using these two assays have generated some unexpectedly discordant data. On one hand, the rhythm of SCN metabolic activity appears in fetal rats 72 hr before birth (8, 9) . Such prenatal pacemaker function antedates the postnatal maturation of input and output pathways for photic entrainment and expression of overt circadian rhythms (10) . On the other hand, when SCN action potentials are recorded in hypothalamic slices obtained from 7-, 11-, 14-, and 21-day-old rat pups, a circadian rhythm is observed only in those slices from the 14-and 21-day-old animals (11) . Although other interpretations are possible, it seems that the circadian rhythm of SCN unit firing rates appears weeks after the rhythm of SCN energy metabolism first begins in utero.
To resolve this discrepancy, we propose that the action potentials recorded in the SCN are not a part of the internal timekeeping mechanism of the circadian pacemaker; rather, the electrical impulses function to couple the pacemaker to its input and output pathways. We have tested this idea by chronically infusing tetrodotoxin (TTX) into the SCN of unanesthetized, unrestrained rats. TTX selectively and reversibly blocks voltage-dependent Na+ channels in axons, inhibiting the generation of action potentials without affecting resting membrane potential, K+ currents, Na+ pump mechanism, or local depolarization of postsynaptic membranes (12, 13) . Importantly, in vitro recordings in hypothalamic slices demonstrate that SCN action potentials are abolished when TTX is added to the bath (14 Some rats were blinded by bilateral orbital enucleation. Animals were fully anesthetized with ether, periorbital tissue was dissected carefully with iris scissors, optic nerves were cut, and eyes were removed. The entire procedure was accomplished in <20 sec.
Cannula Construction and Implantation. Guide cannulae were constructed from 20-gauge stainless steel intravenous needles ground flat at each end (total cannula length of 15 mm). Stylets were manufactured from 24-gauge stainless steel tubing. Each was ground flat at the inserted end and bent at the other end to form a 5-mm-long handle. Infusion cannulae were made from 25-mm lengths of 24-gauge stainless steel tubing. The inserted end was beveled at a 450 angle, whereas the opposite end was bent to form a smooth curve so that the tip of the infusion cannula projected 2 3) and plotted as actograms-that is, drinking activity on successive days was plotted vertically from top to bottom and then "double plotted" to facilitate visual inspection: each 24-hr record was photocopied and shifted up 1 day so that day n was followed by day n + 1 horizontally from left to right.
The free-running circadian period ('r) was calculated from the slope of a visually fitted line through successive daily activity onsets, as described previously (15) . Averages for groups of animals are given as mean ± SEM.
RESULTS
The polyethylene tubing joining the implanted pump to the infusion cannula remained intact for the entire 14-day infusion period in over 80% of the animals. The mortality rate for control rats receiving infusions of artificial CSF alone was 18%. Animals tended to die early (within 2 to 3 days after surgery) or weeks later, when autopsy often disclosed abscess formation at the infusion site. When TTX was infused at a concentration of 10 AM, all animals died (n = 5). Mortality fell to 17% at a concentration of 1 AM; this was the dose used in all studies described below.
An actual implantation is shown in Fig. 1 pathway; rhythms normally driven by the SCN should be rendered arrhythmic.
Rats were entrained to a 12 hr: 12 hr light-dark schedule for at least 2 weeks before they were blinded. Blinded rodents do not entrain to environmental illumination cycles, and there is no evidence for extraocular photoreception (17, 18) . Freerunning circadian rhythms of drinking activity were next recorded for at least 10 days in constant environmental illumination. Cannula-pump assemblies were then inserted, and free-running circadian rhythms of drinking activity were recorded during the infusions and for :=3 to 4 weeks after the pumps were exhausted.
As expected, drinking activity remained rhythmic ( Fig. 2A) in control rats receiving infusions of artificial CSF alone (n = 5). For the population of animals, r was 24.07 ± 0.01 hr before infusion, and 24.18 ± 0.02 hr after infusion. When TTX was infused into the SCN (n = 6), behavioral arrhythmicity occurred in all rats by visual inspection of the records (Fig.  2B) or by statistical analysis of the data (no circadian periodicity by a linear-nonlinear least-squares multiple periodic regression analysis program) (19) . After the infusions ended in five of the six animals, overt drinking rhythms resumed with rs unaltered from those expressed preinfusion (24.10 ± 0.03 hrpreinfusion vs. 24 .09 ± 0.03 hrpostinfusion). In some animals, the total number of licks over 24 hr appeared diminished after TTX treatment. In one of the six TTX-treated rats, the SCN were completely lesioned, and drinking activity remained arrhythmic. In each of the other five rats, the phase of the restored rhythm was that predicted by extrapolation of the is of the original (preinfusion) rhythms. That is, no measurable phase shift occurred in any of the treated animals, whether they had been previously entrained to a light-dark or to a reversed, dark-light illumination schedule. Thus, the underlying circadian pacemaker in the SCN continued to keep accurate time, its oscillator mechanism unperturbed by the chronic infusion of TTX or the resulting behavioral arrhythmicity. However, the treatment reversibly inactivated an output pathway for overt rhythm expression.
Behavioral arrhythmicity did not occur when TTX was chronically infused outside the SCN. This is consistent with the fact that no single, discrete knife cut outside the SCN results in drinking arrhythmicity; simultaneous interruption of lateral, dorsal, and caudal SCN efferents is required (20) .
The cannula was lateral to the nuclei in one rat, anteroventral and in the subarachnoid space in another animal (Fig. 3A) , and anterodorsal in the preoptic area in four rats (Fig. 3B) . Some of the rats with implantations close to the SCN in the preoptic area appeared to become arrhythmic near the end of the infusion (i. 3B). Thus, abolition of rhythmic drinking activity probably required that TTX covered the entire SCN, not just a portion of the nuclei. This is similar to the observation that partial destruction of the SCN has only Neurobiology: Schwartz et al. (24) . Thus, pharmacological suppression of SCN action potentials ought to disconnect the input pathway from the circadian pacemaker, inhibiting re-entrainment of the free-running pacemaker to a phase-shifted light-dark cycle.
Rats were first entrained to a 12 hr: 12 hr light-dark schedule for at least 2 weeks. Cannula-pump assemblies were then inserted, and rodents were maintained in constant environmental darkness for the first 8 days of the 14-day infusion period. During the last 6 days ofthe infusion, animals were exposed to a delayed by three successive 4-hr delays or two successive 6-hr delays (A1D) until a completely reversed cycle was attained. At the end of the infusion, rats were again placed in constant darkness, and free-running circadian rhythms of drinking activity were monitored for -1 month. Overt drinking rhythms were successfully phase-shifted by the imposed light-dark cycle (Fig. 4A ) in control rats (n = 3) and in rats with TTX infusions outside the SCN (n = 5), although the phase shift obtained in these animals (6.6 0.3 hr and 6.2 ± 0.8 hr, respectively) was less than that observed in three control animals whose polyethylene tubing broke mid-infusion (9.0 ± 1.0 hr). When TTX was infused into the SCN (n = 12), extensive (>50%) SCN damage in six animals resulted in postinfusion arrhythmicity or drinking activity with unstable or aberrant rs less than 24 hr. In the remaining six animals, TTX prevented the phase-resetting action oflight (Fig. 4B) , with only a 1.9 + 0.7-hr phase shift for the population of animals. That is, the phase of the restored rhythm was nearly that expected had the rhythm continued its free-run despite application of the reversed light-dark cycle. In many of the animals, light applied during the TTX infusion acutely suppressed drinking activity (Fig. 4B) , even though the underlying circadian pacemaker in the SCN continued to oscillate undisturbed (judged by the phase of the postinfusion free-running drinking rhythm). Previous evidence had suggested that ambient light may bypass the pacemaker to directly influence overt rhythms by such "masking" (25) (26) (27) .
To ensure that the TTX effect was fully reversible, we prepared a final group of animals and subjected them to the same paradigm described above. At the end of this trial, however, the rats were re-exposed to a 12 hr: 12 hr light-dark schedule progressively delayed in a manner identical to that imposed earlier while TTX was being infused. In rats with TTX infusions outside the SCN (n = 4), overt drinking rhythms were phase-shifted both during infusion and later during recovery (5.9 ± 0.7 hr and 6.2 ± 0.5 hr, respectively). When TTX was infused into the SCN (n = 9), five animals exhibited postinfusion arrhythmicity or drinking activity with unstable or aberrant ms less than 24 hr. In the remaining four animals, TTX prevented the phase-resetting action of light (1.9 + 0.6-hr phase shift for the population of animals). After recovery (Fig. 5) , these animals could be re-entrained and their rhythms phase-shifted (5.7 ± 0.8 hr) by the light-dark cycle. Thus, the TTX-induced insensitivity to light was not a permanent deficit but a reversible inactivation of the input pathway. Parenthetically, circadian rhythmicity was not restored to any of the arrhythmic animals upon re-exposure to diurnal lighting. This observation discounts the theoretical possibility that the arrhythmicity was due to an intact circadian pacemaker held motionless because its limit cycle oscillation had been driven to the "singularity point" (28) .
DISCUSSION
Our results indicate that TTX blocked the function of SCN input and output pathways without affecting the actual oscillatory mechanism of the circadian pacemaker in the nuclei. Thus, although Na'-dependent action potentials do appear necessary for photic entrainment and overt expression of circadian rhythms, they do not seem to be required for the pacemaker to keep accurate time. This hypothesized organization for a mammalian circadian pacemaker is compatible with that proposed for the pacemaker in the eye of Aplysia. This invertebrate oscillator generates a circadian rhythm of optic nerve impulses, but the discharges per se are not part of the pacemaker mechanism (29) (30) (31) . Similarly, the circadian pacemaker in silkworm pupae is resistant to systemic TTX at doses causing flaccid paralysis (32) .
Presumably, the SCN pacemaker is not confined entirely to a single neuron within the nuclei. Therefore, some mechanism(s) for intercellular communication are required to synthesize a precise circadian oscillation from the disparate activities of a number of individual cells. Although Na'-dependent action potentials do not appear to be part of such a mechanism, SCN dendrites might generate Ca2'-dependent spikes, as described elsewhere in vertebrate (33, 34) and invertebrate (35) brain. Alternatively, SCN "local circuit" neurons might interact by graded Ca2l-dependent release of neurotransmitters (36, 37) rather than by firing all-or-none spikes. Finally, it is possible that communication between pacemaker cells might be ephaptic (38) rather than synaptic; interestingly, the bulk of SCN synapses are not formed until the first few weeks of postnatal life (39) .
Two methodological difficulties in our experimental paradigm need to be noted. First, chronic infusions of either artificial CSF or TTX into the SCN altered the amount of drinking activity in some animals. Perhaps the osmolality of the infusate affected the discharge rates of neighboring neural fibers from the anteroventral third ventricle that regulate thirst (40) . Future studies will determine whether other animal models (e.g., hamster locomotor activity) may prove superior to rat drinking activity in this regard.
Second, partial damage to the SCN was frequently associated with the chronic infusions. We do not believe, however, that our results can be explained solely on the basis of incomplete SCN lesions. Of note, TTX infusion did not cause partial lesions in every case (cf . Fig. 1) ; on the other hand, incomplete lesions were found in control rats receiving infusions of artificial CSF alone. Moreover, a reported feature of partial lesions of the SCN is a postoperative r of less than 24 hr (41-44); this we did observe in some of our animals with extensive damage to the SCN, and we did not include them in the analysis. Finally, the TTX-induced arrhythmicity reported here could be terminated by cutting the polyethylene tubing that joins the mini-osmotic pump to infusion cannula (data not shown), suggesting that it is the continued flow of infusate (not the creation of a partial lesion) that is responsible for the TTX effect.
An advantage of the experimental approach outlined here is that it permits systematic assessment and distinction of the input, pacemaker, and output components of a mammalian circadian timekeeping system in vivo. We anticipate that this strategy will also be fruitful for testing reversible pharmacological probes other than TTX. This paradigm and oui-data clearly illustrate the principle that a treatment can abolish an overt circadian rhythm merely by uncoupling an output pathway from the still oscillating pacemaker; arrhythmicity of a measured function may represent loss of the "hands" of the pacemaker rather than damage to its "gears."
